The total amount of noncoding sequences on chromosomes of contemporary organisms varies significantly from species to species. We propose a hypothesis for the origin of these noncoding sequences that assumes that (a) an -0.55-kilobase (kb)-long reading frame composed the primordial gene and (it) a 20-kb-long single-stranded polynucleotide is the longest molecule (as a genome) that was polymerized at random and without a specific template in the primordial soup/cell. The statistical distribution of stop codons allows examination of the probability of generating reading frames of =0.55 kb in this primordial polynucleotide. This analysis reveals that with three stop codons, a run of at least 0.55-kb equivalent length of nonstop codons would occur in 4.6% of 20-kb-long polynucleotide molecules. We attempt to estimate the total amount of noncoding sequences that would be present on the chromosomes of contemporary species assuming that present-day chromosomes retain the prototype primordial genome structure. Theoretical estimates thus obtained for most eukaryotes do not differ significantly from those reported for these specific organisms, with only a few exceptions. Furthermore, analysis of possible stop-codon distributions suggests that life on earth would not exist, at least in its present form, had two or four stop codons been selected early in evolution.
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Different amounts of chromosomal noncoding sequences are present in various forms (cf. ref. 1, pp. 69-109) . For example, most higher eukaryote protein-coding DNA sequences, exons, are interrupted by noncoding intron sequences that are removed from transcripts by RNA splicing (2) . The chromosomal genes of higher eukaryotes appear to require surrounding noncoding (territorial) DNA sequences of a certain size for active function (3, 4) . Although specific functions have been assigned to some noncoding sequences, most eukaryote cells possess a further excess of noncoding DNA sequences on chromosomes. Some sequences have been intensively characterized (cf. ref. 1, pp. 1-36) . It was recently suggested that an excess of noncoding DNA sequences is a consequence of random duplications and deletions (5) . However, whether the origin of these sequences is closely associated with gene evolution is yet unsettled.
Any effort to understand the origin of genes must ask whether the gene or the cell-like organization came first. Despite intensive discussions (6-10), this question remains unanswered. This paper is not concerned with this specific question but is an attempt to obtain more information about the origin of genes in relation to observed excesses of noncoding DNA sequences.
In this paper, we consider the possibility that a reading frame of -0.55 kilobase (kb) (11) composed the primordial gene; spatial distribution of stop codons is estimated statistically to test the probability that a reading frame of =0.55 kb can be generated in a primordial polynucleotide molecule. The analyses reveal (i) that a run of at least 0.55-kb equivalent length of nonstop codons occurs with a frequency of 4.6% in 20-kb-long polynucleotide molecule-possibly the longest "genome" molecule of single-stranded polynucleotides that could have been polymerized in a primordial soup/cell and (ii) that most higher eukaryote genomes still retain such a prototype genome structure, even after a series of gene duplications during evolution.
Prerequisite Assumptions
A few assumptions underlie the present analyses: (i) It is assumed that the formation ofa primordial polynucleotide did not require a special template system and thus the products formed in the primordial soups/cells were single stranded without any selection of nucleotide sequences. Although various circumstantial observations support the view ofRNA as the primordial polynucleotide, this is still controversial (12, 13) . That issue is not dealt with here, but it is assumed that the original polynucleotide was single stranded. (ii) In primordial soups/cells, a functional protein of the minimum size was translated from an open reading frame of polynucleotide using a primordial protein-synthesizing machinery in which stop and nonstop codons were involved. However, no involvement of an initiation codon early in evolution is assumed. (iii) The number of stop codons was subject to selection by the primordial protein-synthesizing machinery.
Possible Length of a Primordial Gene
Previous observations showed that most, if not all, of the genes less than -0.55 kb in length do not possess any introns and that genes larger than "=0.55 kb do possess introns (11) .
This observation has an important implication for the origin of genes because it is possible that an -0.55-kb-long open reading frame was the original form of a functional primordial gene. Some observations support this possibility.
First, thermally produced polymers of amino acids, proteinoids, display catalytic activities and are '=18,000 Da in molecular mass (14) ; these values fall within the lower end of the molecular mass range of known proteins (15) . Second, serine proteinases-e.g., a-lytic proteinase from Myxobacter 495, are regarded as being the oldest of all proteinases (16) . This enzyme has 198 amino acid residues (17) and would be encoded by a reading frame of -0.6 kb. Third, the majority of proteins possessing >200 amino acid residues appear to contain structurally organized sections or domains (18, 19 Furthermore, primordial polynucleotide molecules presumably possessed a built-in resistance to physical degradatione.g., from thermal movement-similar to that of contemporary molecules (22) . Thus, the primordial microenvironments would not differ significantly from that of contemporary microenvironments in factors limiting the size of singlestranded polynucleotides. Therefore, a hint regarding the longest length of primordial polynucleotide molecules might be given from the sizes of contemporary single-stranded RNA and DNA.
At least two types of polynucleotide are relevant to the present discussion. The sizes of viral single-stranded DNA and RNA genomes have been collected (23, 24) . Some $mRNA transcribed from human thyroglobulin gene (>200 kb), the largest gene known to date (31) . data reflects the absolute absence of gigantic single-stranded RNA molecules. During the evolution of large genes, a system may have developed that processes nascent premRNA during transcription and avoids the formation of large (>20 kb) pre-mRNA molecules. In fact, recent studies have suggested that RNA splicing may occur while precursor RNA is transcribed on chromosomes (33, 34) . RNA splicing has been also observed in Escherichia coli cells, where coupled transcription-translation takes place (35, 36) , indicating the coupling of RNA splicing with transcription before translation. If Drosophila Ubx pre-mRNA were not processed for splicing during transcription for 75 min (32), single-stranded pre-mRNA of >20 kb would have to wait for nearly 55 min for processing in the nuclear microenvironment. The "75S" transcripts of the Chironomus Balbiani ring are probably the largest intracellular RNA species thus far reported (37, 38) ; however, this figure is almost certainly overestimated. A value of about 37 kb was suggested (39) , but the actual size is still uncertain (40, 41) .
Furthermore, the extreme scarcity of monomer proteins larger than 700,000 Da that require >20-kb-long mRNA is consistent with the assumption that >20-kb-long RNA cannot safely survive in contemporary microenvironments.
Therefore no single-stranded contemporary polynucleotides significantly larger than 20 kb may exist. It is consequently proposed that a 20-kb-long single-stranded polynucleotide was the longest molecule polymerized at random without a specific template and was the progenitor genomic form in primordial soup/cells.
Distribution of Stop Codons in a Primordial Polynucleotide Molecule
It is assumed that stop and nonstop codons were randomly and independently distributed over the single-stranded polynucleotide molecule polymerized in primordial soup/cells.
If there are n nonstop codons in a run of L codons, then there are (L -n) stop codons. Therefore, the number of opportunities for runs of nonstop codons is (L -n) + 1. The probability that any particular one of these runs contains r or Proc. Natl. Acad. Sci. USA 84 (1987) 6197 more nonstop-codons is pr, where p is the probability of a nonstop codon; because L is large, p can be approximated by p = nIL. The probability that at least one of the (L -n + 1) runs is at least r codons long is therefore it[ _ nr ]L-nI+ For large L and r this probability may be approximated by
(see ref. 42 
for details).
Assuming that three stop codons were selected from a total of 64 codons in the primordial soup/cells, it may be argued that for large L, the number of stop codons in the sequence is close to the value of 3L/64. Eq. 1 can then be approximated by
(61 [2] Eq. 2 can be used to calculate the probability P of at least one run of r or more nonstop codons in a sequence of L codons.
The result is shown in Table 2 , where L = V3 X 20,000. The central column of Table 2 shows that when there are three stop codons, a run of at least 0.55 kb of open reading frame appears at a frequency of 4.6%-that is, neither very rarely nor very frequently.
Senapathy (43) gives an equation for the "upper limit in the RFLs [reading frame lengths] in a finite length of a random sequence." There is strictly no upper limit other than the total length of the random sequence; the equation must refer to an expected value or some probability level, but this is not clear. His equation does give an upper limit similar to ours when the length of the random sequence is 107 kb, the size of some eukaryotic genomes (see Fig. 1 ).
Use of Three Stop Codons: A Crucial Event in the Origin of Life
It should be noted here that genomic evolution itself occurred because three stop codons had been originally selected from the total 64 codons.
In Table 2 , r values were also computed using a modification of Eq. 2 under the assumption that two or four stop codons had been selected in a primordial coding system. With two stop codons, a 0.55-kb-long gene would have appeared very frequently-that is, at a frequency of 46%. This implies that genes may often have been densely grouped in a single polynucleotide molecule, resulting in a marked alteration of the gene-duplication pattern (5) . It is noticeable that many genes possess more than one stop codon, either consecutively or close by each other, in phase or in different phases, at the end of a given reading frame (for example, see refs. 44 (Table 2) shows that a 0.55-kb-long gene would appear very rarely-that is, at a frequency of 0.3%. Most of the open reading frames thus generated in the primordial genomes would have been too short to be functional. This condition would make the generation of useful primordial genomes in sufficient quantities unlikely. Again, life on Earth would have been less probable under this condition.
Origin of Introns
The results described earlier suggest that reading frames that were aborted because they were much shorter than =0.55 kb may have been generated in the flanking regions of a primordial gene at a relatively high frequency. The development of a self-splicing mechanism (35) probably facilitated the interlinking of distant (previously abortive) reading frames with the original function of the primordial gene; the intervening regions between reading frames may have become introns. If introns so originated, the existence of stop codons at the splicing sites is predicted. Indeed, splicing signals often contain stop codons or sequences possibly derived from stop codons in phase or in different phases. Ohno has proposed a prototype-splicing sequence containing a stop codon (46) . The subsequent utilization of abortive reading frames clearly is not the sole event contributing to the origin of introns because some introns are thought to have arisen by transposition at a much later stage of genome evolution (47) .
Estimation of Noncoding DNA Sequences in Various Organisms
Most of the primordial genomes contained only one primordial gene, and this gene is more often estimated as no longer than =0.55 kb. In this situation the primordial genome structure consisted of a 0.55-kb-long primordial gene and (20 -0.55)-kb-long noncoding sequences. Because genes are believed to have evolved by duplication (48, 49) , as a first approximation, the prototype structure of the genome was assumed to be in principle maintained despite a serial, random duplication of its sequences through evolution. On this assumption, the total size, m-kb, of nuclear noncoding DNA sequences of various organisms may be estimated by m = N x (20 -0.55), [3] where N is the number of genes in a given species of organism. Fig. 1 slightly lower than the total sizes of nonprotein-coding sequences for these species. However, such small differences should not be emphasized because available estimates for protein gene numbers (N) are not sufficient to obtain highly accurate values. The excellent agreement between theoretical and observed estimates in Fig. 1 is not mere coincidence. The majority of the noncoding sequences of contemporary higher eukaryotes in principle retain the primordial genome structure-that is, are composed of a single gene and the (20 -0.55)-kb-long noncoding sequences.
Highly repeated satellite DNA is known to exist in various species of organisms. Because the origin of satellite DNA families is thought to be different from others (50, 51) , the amounts of noncoding DNA sequences were calculated, excluding satellite DNA for species for which information is available (50) (51) (52) . These values are also plotted in Fig. 1 , showing excellent and, in some cases, even better agreement with the m values obtained above. Similarly, the total size of nonprotein-coding sequences representing only unique and middle repetitive sequences was also considered. As shown in Fig. 1 , these values are in good agreement with theoretical estimates. Two exceptional groups of organisms appear to contradict the above agreement. One group consists of the special organisms, such as F. assyriaca, where the amount of noncoding DNA sequences constitutes about 99.98% of the genome (ref. 1, pp. 69-109) . Another group includes all prokaryotes and most lower eukaryotes of small genomic size. These exceptions are interpreted as follows. In the first group, some special sequences of noncoding regions were selectively amplified for some unknown reason, thus forming a gigantic genome without significant change in gene number. On the other hand, substantial portions, if not all of the noncoding sequences, were selectively deleted from the genomes in the second group. Indeed, specific deletion of noncoding sequences has been observed in some cases-e.g., yeast mitochondrial genomes (47) . This interpretation is supported by the view that prokaryotes may have branched off from a common ancestor from which present eukaryotes are thought to have evolved.
Considering all these points together, we propose that the genomes of higher eukaryotes in principle retained the prototype of a primordial genomic structure during long evolutionary periods. Therefore, noncoding sequences on the chromosomes of contemporary species actually represent the molecular fossils of obligatory by-products formed early in evolution. The hypothesis accounts for some data but obviously requires further supportive evidence. It is hoped that this hypothesis will stimulate further research on the evolutionary significance of structural organizations in extragenic DNA sequences.
